Abstract. We present X-ray spectral fits to a recently obtained Chandra grating spectrum of 0 Carinae, one of the most massive and powerful stars in the Galaxy and which is strongly suspected to be a colliding wind binary system. Hydrodynamic models of colliding winds are used to generate synthetic X-ray spectra for a range of mass-loss rates and wind velocities. They are then fitted against newly acquired Chandra grating data. We find that due to the low velocity of the primary wind (_ 500 kms -1 ), most of the observed X-ray emission appears to arise from the shocked wind of the companion star. We use the duration of the lightcurve minimum to fix the wind momentum ratio at rI = 0.2. We are then able to obtain a good fit to the data by varying the mass-loss rate of the companion and the terminal velocity of its wind. We find that M2 _ 10 -5 Mo yr -1 and vo_a _ 3000 kms -_ . With observationally determined values of _ 500-700 km s-t for the velocity of the primary wind, our fit implies a primary mass-loss rate of _/1 _ 2.5 x 10 -4 Mo yr -1 . This value is smaller than commonly inferred, although we note that a lower mass-loss rate can reduce some of the problems noted by Hillier et al. (2001) when a value as high as 10 -a Mo yr -1 is used. The wind parameters of the companion are indicative of a massive star which may or may not be evolved. The line strengths appear to show slightly sub-solar abundances, although this needs further confirmation.
Introduction
The superluminous star 77 Carinae (HD 93308, HR 4210) continues to be extensively studied over a host of different wavelengths, yet remains intriguingly enigmatic. It is amongst the most unstable stars known. In the 1840s, and again in the 1890s, it underwent a series of giant outbursts (e.g. Viotti 1995) which ejected large masses of material into the surrounding medium.
HST images of the resulting bipolar nebula (e.g. Morse et al. 1998) , known as the Homunculus, show it to be amongst the most spectacular in our Galaxy. The central object is now largely obscured by dust, and the cause of the outbursts and the nature of the underlying star (at outburst and today) remain speculative.
The source continues to show brightness fluctuations and emission-line variations. Further details of _ Car can be found in the review by Davidson & Humphreys (1997) .
In recent years evidence for binarity in this system has been accumulating. Damineli (1996) first noted a 5.5 yr period in the variability of the He I 10830/_ line. et al. 1997, 2000) , X-ray observations (Tsuboi et al. 1997; and references therein), and radio data (Duncan et al. 1995 (Duncan et al. , 1999 Zethson et al. 1999 ). Alternatively, the possibility that binarity plays a fundamental role in explaining observed LBV outburst properties has also been considered (Gallagher 1989) , though most LBVs are not known binaries. Clearly, determining the wind and stellar properties of LBV stars is paramount (see, for example, the discussions in Leitherer et al. 1994 and Nota et al. 1996 ). of the peak intensity for _ 3 months, an almost as sharp rise to approximately 1/2 of the peak intensity level, and then almost constant intensity for _ 3/4 of the proposed 5.5 yr orbital period. The drop to minimum was successfully predicted from numerical models of the WWC (Pittard et al. 1998 ) before being actually observed.
Send
Small scale quasi-periodic outbursts in the X-ray lightcurve have also been detected (Corcoran et al. 1997 (Damineli et al. 2000) . If 7/Car is a binary, it is vitally important to determine the stellar parameters of the companion so that the effect of the companion on observations can be understood and the correct stellar parameters of the primary can be derived.
X-ray Emission from Colliding Winds
The wealth of information contained in X-ray spectra of colliding wind binaries (e.g. the density, temperature, velocity, abundance, and distribution of the shocked gas in the wind collision region) has been a strong motivating force for observers and theorists alike in this field. Since the hot plasma in most colliding wind shocks is optically thin and collisionally ionized, and is generally assumed to be in collisional equilibrium, Raymond-Smith (Raymond & Smith 1977) Fig. 1 . Lightcurve of 77Car observed with the RXTE satellite and phased to the 5.5 yr orbital period. A predicted lightcurve (Pittard et al. 1998 ) from a numerical model of the wind-wind collision is overplotted. The two agree well, particularly the duration of the minimum. The rise from minimum is not in good agreement, but this is thought to be due to the limitations of modelling the wind collision in 2D. The rapid change in position angle of the stars through periastron passage leads to a greater absorbing column in fully 3D models M 2, or the characteristic ratio of the preshock electron and ion temperature (Zhekov & Skinner 2000) . The quality of recently available X-ray grating spectra now gives us access to important X-ray emission line diagnostics which should severely constrain models of the X-ray emission distribution.
This means that stellar wind parameters can in principle be reliably estimated from analysis of X-ray grating spectra of colliding wind binaries.
In addition to testing the binary hypothesis, the Chandra grating spectrum of rl Car (Corcoran et al. 2001b) provides the ideal opportunity to test the method developed by Stevens et al. (1996) against a spectrum of much higher spectral resolution, and to pin down important physical parameters of the system. In this paper we therefore fit the X-ray grating spectrum using a grid of colliding wind emission models to i) test the binary hypothesis, and ii) to attempt to obtain accurate estimates of the wind parameters of each star. The fact that we are able to obtain good fits, with sensible model parameters, gives us further confidence in the binary hypothesis. We also find that unlike the UV and optical work where fits to the primary are made difficult by significant contamination from the companion star, instead the X-ray emission arises from the shocked wind of the companion and suffers essentially zero contamination from the wind of the primary. Therefore the X-ray data uniquely samples parameters of the companion, in contrast to the optical analysis which probes the nature of the primary. In this sense our analysis is entirely complementary to the complex fits to the UV and optical HST spectrum of 7/Car by Hillier et al. (2001) . Our analysis also provides us with a new estimate of the massloss rate of the primary star. For details of the Chandra observation and an initial analysis of the data the reader is referred to Corcoran et al. (2001b) . In Section 2 we dis-
In Hot Pursuit of the Hidden Companion of 7] Carinae cuss the creation and variation of the model spectral grid; in Section 3 we describe the fit results; and in Section 4 we summarize and conclude.
The Synthetic Colliding Wind Spectra
The method applied by Stevens et al. (1996) as discussed in Section 1 is as follows. We first calculated a whole host of hydrodynamical models with different stellar wind parameters. We then generated a synthetic X-ray spectrum from each model. Finally, we fit the grid of synthetic spectra to the actual data. Best-fit values are then obtained for each parameter of interest (e.g. M 1, M 2, Voo_, voo2 etc. ). Specific points in relation to this method are highlighted below.
Hydrodynamical Models of _l Carinae
The colliding wind models were calculated using VH-i (Blondin et al. 1990 The range of the free parameters used in our final grid is given in Table 1 . To restrict the number of models to a manageable number the parameter steps are fairly coarse.
In future papers we will use a much finer grid. The range in the value of r/ corresponds to either the wind of the primary (7/ = 0.1) or the secondary (r/ = 5) dominating, or the winds having equal momentum fluxes (r/= 1). The distance of the stagnation point from the centre of the primary star is given by
and ranges from 1.2 x 1014 cm to 3.0 x 1014 cm. In the most extreme cases, this is still of order ten to a hundred times the radius of the stars, and justifies our use of terminal velocity winds. The kinetic power of the primary wind ranged from 4.7 x 1034 ergs -1 to 7.9 x 1038 ergs -1 , and from 7.1 x 1035 ergs -1 to 7.9 x 1038 ergs -1 for the secondary wind. The combined kinetic power of the winds ranges from 7.6 x 1035 ergs -1 to 1.6 x 10 s9 ergs -1 . The half-opening angle of the contact discontinuity measured from the line between the secondary star and the shock apex ranges from _ 50 -120°(cf. Eichler & Usov 1993).
The effect of radiative cooling can be quantified by the parameter X, the ratio of the cooling timescale to the dynamical timescale of the system. For shocked gas near the local minimum in the cooling curve at T _ 2 x 107 K,
where Vs is the wind velocity in units of 1000kms -1 , d12 is the distance to the contact discontinuity in units of 1012 cm, and _gl_7 is the mass-loss rate in units of l0 -7 M o yr -l (cf. Stevens et al. 1992 ). This equation is valid for post-shock temperatures in the range
where pmH is the average particle mass in grammes). For material with solar abundance (# = 0.6), this corresponds to 0.9 < Vs < 3.5. For winds with slower velocities, the shocked gas lies on the negative slope of the cooling curve.
In this case the dependence of X on the velocity of the wind is steeper:
Table1. Our final grid of stellar wind parameters for the hydrodynamical models used to generate synthetic spectra. The models fix the terminal velocity of the primary wind at 500 kms -1 and the stellar separation at D = 4.0 x 1014 cm. The mass-loss rate of the primary star is given by _'I 1 = _t_ v_2/(500 7)-
10 -6 10-s 10-4 voo2 (kms -l ) 1500 3000 5000
In our grid of simulations, the shocked wind of the primary star is almost always strongly radiative (Xl,min << 1.0)
while the secondary's is never strongly radiative (X2,min = 2.0). However, for some choices of the 3 parameters in Table 1 
Variations with ?7,]_ 2, and v_2
In Fig. 3 and the following subsections we reveal how the shape and normalization of the calculated spectra depend on the various free parameters of the grid.
Variation with ?7
Due to the low preshock velocity of the primary wind, the X-ray emission from the WWC is almost entirely from the shocked secondary wind. A greater fraction of the secondary wind passes into the wind collision zone as the relative momentum of the primary wind is increased, so we expect the luminosity to increase as 77decreases, as indeed the top panel of Fig. 3 shows. An important point, however, is that the shape of the spectra do not seem dependent on the value of r/, contrary to our expectations before starting this study.
Variation with __/2
As we increase the mass-loss rate of the secondary star in our models, the kinetic power and the density of its wind also increase. Therefore, for a given wind momentum ratio, the rate of conversion of kinetic energy to thermal energy increases, as does the density of the postshock gas. Thus there is more available energy to radiate and a greater efficiency of radiation. Hence we should expect the X-ray luminosity to scale strongly with increasing M 2. This is indeed what we see in the middle panel of Fig. 3 , where an order of magnitude increase in __/2 leads to an almost two order of magnitude increase in X-ray luminosity, indicating that the calculations in this panel are in the adiabatic regime (L= o¢ __/2; see Stevens et al. 1992) . However, there is no evidence for a softening of the spectrum with increasing M 2. This is again contrary to our initial expectations (note, however, the discussion in the next section).
Variation with voo2
If the preshock velocity of a wind is increased, the postshock temperature increases (T o¢ v2). Therefore we expect the model spectra to harden as the preshock velocity of the secondary wind is increased. Because the kinetic power of the wind increases we also expect the luminosity to increase. The variation of the spectrum with v_= is shown in the bottom panel of Fig. 3 . Here we find that our expectations are only partially met. The overall luminosity does increase with v_ 2, and the spectrum does harden between voo= = 1500-3000 kms -1 , but it softens between voo2 = 3000-5000 km s -1 . An investigation into this surprising finding offers the following explanation. Fig. 2 . Hydrodynamic simulations and theoretical spectra of the colliding winds in y Car. The top panels show the results from a model where the momentum of each wind is equal (r] = 1), whereas in the bottom panels the primary wind has a momentum 10 times greater than the secondary wind (r/= 0.1). In both cases a density plot (g cm -3) from the hydrodynamical grid is shown on the left and the resulting intrinsic X-ray spectrum shown on the right (no absorption).
On each hydrodynamical grid the primary star is located at (0,0) and the secondary star is at (4.0 x 1014,0). The shape and structure of the shocked region varies with the momentum balance between the winds and the respective value of X for each shocked wind. The full parameters used in these models were: upper panels -M1 = 10 -3 Moyr -1, Me = 10 -4 Moyr -l v_ = 500 kms -1, voo2 = 5000 kms -llower panels-._I1 = 3 x 10 -4 M@yr -1 ' ._r 2 = 10 -5 Moyr-1, v_o_ = 500 kms -1', v_= = 1500 kms -1 . The luminosity and shape of the X-ray spectrum are a direct consequence of these parameters. also reveals that for 106.3 < T < 10 7.4 the average density is higher when v_2 = 5000 kms -1 than when voo2 = 3000 km s -1 , which tends to keep up the soft emission relative to the hard emission.
This appears to be because there is some mixing at the interface between the primary and secondary wind, and the shocked primary wind is denser when v_2 = 5000 kms -1 (M1 = 3 x 10-4,6 x 10 -4, 10 -3 Moyr -1 for v_2 = 1500,3000,5000 kms -1 ).
The mixed gas tends to be at these intermediate temperatures.
The overall net effect is that the emission from the hot gas is suppressed relative to the cooler gas, which softens the spectrum from the model with v_¢2 = 5000 kms -1 relative to the model with v_2 = 3000 kms -1 . These inferences are supported by spectra calculated with v_2 = 5000 kms -1 and 7/= 0.1, and variable M2 (Fig. 4) . This shows that the spectrum hardens as 2_I2 increases from 10 -e M_._yr -l to 10 -4 Moyr -1 (the spectral index a, where F, cx u _, increases by about 0.1). This is what we expect from our prior inferences since a higher _ helps to make postshock gas with a preshock velocity of v_ = 5000 kms -1 somewhat more efficient at radiating. In summary, we find that varying 2_/2 can actually have a small effect on the shape of the spectrum in some parts of parameter space, as well as the more obvious and much greater effect on the luminosity. The power of M on affecting the spectral shape is, however, much less than that of v_:, which is the primary influence.
Summary of Spectral Dependence on r/, A)/:, and voo2
For the models investigated in this paper, we find that the spectral shape is i). insensitive to the value of r/, ii) can harden slightly as M 2 increases (in other parts of parameter space, e.g. strongly radiative shocks, it may soften 
The Spectral Grid
The synthetic spectra were input into a FITS-style ' Table'  model for use with the XSPEC data-analysis package, as specified by Arnaud (1999) . The fitting procedure within XSPEC is able to interpolate between the parameter values on the spectral grid so that best-fit values of M 2 etc. are obtained from fitting the Chandra data. In the 2 -10 keV band, the intrinsic luminosity on our grid ranges from 1.8 x 103! ergs -t to 1.6 x 10 37 ergs -] , Pittard et al. 1998 (redisplayed in Fig. 1 at the beginning of this paper) also matches the duration of minimum very well (although not the post-minimum flux because the skew of the shock could not be computed with a 2D calculation). Although different mass-loss rates and a slightly less eccentric orbit were used, the wind momentum ratio adopted was also rI = 0.2, which provides a certain robustness for this value. Table 2 . The best fit parameters from the fit of the spectral grid to the grating data. We fix the terminal velocity of the primary wind at 500 kms -1 , the stellar separation at D --4.0 x 1014 cm, and the wind momentum ratio (7/) at 0.2, and allow M2, v_o2, NH and the normalization to vary. Solar abundances were assumed, and a cold external absorbing column was applied. The resultant normalization is very close to 1.0, which indicates that the model and the values of D and 7/ are sensible, and also that the assumed distance to 7/Car is approximately correct. The implied mass-loss rate of the primary star from this fit is M 1 --2.5 x 10 -4 M® yr -1 . Table 2 .
Fits to the

Conclusions
We have presented the first direct fits to the X-ray spectrum of 7/Car using a grid of spectra calculated from hydrodynamical models of the wind-wind collision. This is only the second time that this technique has been applied to a colliding winds X-ray spectrum and the first time with a high quality grating spectrum. We find that the colliding wind emission model naturally provides for the range of ionization seen in the emission line grating spectrum for reasonable values of the wind parameters. Due to the low velocity of the primary wind (,_ 500 km s -1 ), most of the observed X-ray emission arises from the shocked wind of the companion star. We find it difficult therefore to fit both M 1 and v_l as free parameters. However, the duration of the observed X-ray minimum can be used to estimate the wind momentum ratio of the stars, r/. With 7/ fixed at 0.2, and M2, and voo2 as free parameters, we are able to obtain a good fit to the data.
We find that the mass-loss rate of the companion is M2 _ 10- in modelled X-ray spectra (Pittard et al. in preparation) , and should provide further information on wind velocities and the structure of the wind-wind collision region.
The over-prediction of the X-ray lines in our models indicates that the companion has sub-solar abundances, which favours an O-type over a WR clekssification, although we would need to perform a more detailed analysis to confirm this possibility.
As the primary has slightly enhanced abundances of C and N compared to solar, this perhaps suggests that to date there has been no mass ex- r/ = 0.2, NH = 7.7 x 1022 cm -2, and the overall normalization was 1.16. If we take voct= 600 kms -1 , this implies that M ] = 2.5 x 10 -4 Mo yr -1 . As seen from the figure, the continuum level is very well fitted by the interpolated model.
change between the stars. Lamers et al. (1998) suggested that the star which dominates the UV GHRS spectrum is not the star which ejected the nebula since the abundances in the GHRS spectrum are not as evolved as the abundances in the nebula (which are indicative of CNOcycle products). As the UV bright source is probably the companion (Hillier et al. 2001) 
